I. INTRODUCTION
An ideal photon detecting microcalorimeter consists of a photon absorber coupled to a sensitive thermometer, with the heat capacity and temperature sensitivity of the device chosen to optimize the energy resolving power at the target photon energy. In practice, the thermometer in these microcalorimeters can be realized using a superconducting transition-edge sensor (TES), which consists of a thin metallic film cooled to low temperatures and voltage biased into the transition between the normal and superconducting state. In a TES microcalorimeter, the absorption of a photon in the device causes a change in the TES temperature and, therefore, resistance, which can be detected as a change in the measured current. TES microcalorimeters are the baseline technology, or are currently deployed, in a host of measurement applications including nuclear material security, 1 elemental content analysis, 2 atomic physics, 3 particle physics, 4 and astronomy. 5, 6 A great advantage of TES microcalorimeters is their excellent energy resolution over a wide range of incident photon energies. However, one limitation on the energy resolution of a given TES microcalorimeter is the magnitude of the noise in the measurement circuit.
While much of the measured noise in TES microcalorimeters is from known sources, such as the Johnson noise and thermal fluctuations between the device and the thermal bath, it has been observed previously that in many device designs, the measured noise is in excess of these known sources. [7] [8] [9] [10] Extensive work tracing the source of this so-called "excess noise," and its dependence on various parameters, has revealed that it is highly sensitive to the details of the TES design and properties of the superconducting resistive transition. 8, 11 There have been many papers describing the theoretical predictions for the noise in real devices based on multibody thermal models 12, 13 or physical properties of the TES itself when biased in the superconducting transition. [14] [15] [16] [17] Indeed, in some particular cases, explanations of additional noise sources have been found. In highly resistive devices, it was shown that thermal fluctuation noise internal to the microcalorimeter may be a significant contribution. [18] [19] [20] In test structures designed for studying the noise terms, rather than in viable microcalorimeters, it was shown that noise may arise from separate regions of the TES being in superconducting and normal states. 21 Here, we report on a description of the measured noise in Mo/Au bilayer TES microcalorimeters made at NASA Goddard Space Flight Center that are the baseline technology for the X-ray Integral Field Unit on the Advanced Telescope for High-Energy Astrophysics (Athena) mission. 5 This type of TES device has shown excellent energy resolution, both in single-pixels 22 and in kilo-pixel TES arrays with multiplexed readout. 23 Even in these devices, capable of <2 eV resolution at 6 keV, there is significant excess noise that has not been explained. 8, 10 An explanation for this excess noise may allow design modifications in these, and other TES devices, to give significantly reduced noise, improved performance, and an improved understanding of thermal transport within the microcalorimeter. This is particularly relevant to devices without metal features added on top of the TES that have high sensitivity of the resistance to temperature, which have recently been shown to have smooth and highly reproducible transition shapes. 10 In this article, Sec. II describes the TES design and the experimental techniques used to measure various properties of the microcalorimeters. Section III gives a summary of the thermal models used in this work that were developed by many others. 12, 13, 24 First, we describe the simple "single-body" electrothermal model of the devices that demonstrates the measured noise in excess of this simple prediction. Next, we describe the "two-body" model, where the TES and the absorber are separated into two thermal bodies. We then apply this two-body model to our devices to determine if it is consistent with the observed excess noise. Section IV describes the measured excess noise in our devices and how well the two-body model is able to account for that excess noise. Section V describes the physical interpretation of the fitted parameters in our model and how this may lead to designs with improved performance, and deeper understanding of the important physical parameters in these devices.
II. METHOD
The current design of the superconducting TES microcalorimeter produced at NASA has an x-ray absorber made up of an electroplated Bi layer (∼3 μm thick) above a Au layer (∼2 μm thick). This square absorber with 240 μm side length is then thermally connected to a superconducting Mo/Au bilayer by two pillar shaped Au stems (∼4 μm tall, 10 μm diameter) at the edge of the TES. These pillar stems either connect directly to the Mo/Au bilayer, or they connect to Au banks that run parallel to the current direction along the edge of the TES, as shown in Fig. 1 . The bilayer sits in the center of a larger silicon nitride membrane, which extends to a Si frame that is well heat sunk and forms the heat bath. The TES bilayer is electrically connected with Nb leads. The TES designs discussed here are square with the side length ranging from 75 to 120 μm. We will discuss measurements of devices with one of two bilayer thicknesses. The thicker low resistance devices have a Mo/Au bilayer thickness of 51/252 nm and a low temperature sheet resistance of 13 mΩ=A. The thinner high resistance devices have a Mo/Au thickness of 35/108 nm and a sheet resistance of 50 mΩ=A. Details of the TES design and fabrication are discussed elsewhere. 8, 10 A host of measurements were performed on these devices using the circuit shown in Fig. 2 . The complex impedance of the TES was measured in the range of 10 Hz-5 kHz. The TES was voltage biased such that the TES resistance R was a fixed fraction of the normal state resistance R N . In parallel to this, a function generator was used to apply a small alternating bias to the TES circuit at different fixed frequencies. This alternating bias input and the current through the TES were measured using the same digitizer with identical low-pass filtering and used to determine the total impedance of the circuit. Measurements with zero direct bias voltage, and hence the TES in the superconducting state, were used to fit the inductance of the circuit to allow determination of the TES impedance. These measurements can be used to determine the sensitivity of R to changes in TES temperature T and current I, parameterized by α = (T/R)(∂R/∂T)| I and β = (I/R)(∂R/∂I)| T . 25 The thermal conductance was measured from fitting the Joule heating power in the TES when biased to 50% of R N at various bath temperatures. The choice of the bias point used in the power fitting has a small impact on the fitted thermal conductance in these devices but does not significantly alter any of the conclusions drawn in this article. The heat capacity of each device was calculated from the measurement of the thermal decay time constant of the device after absorption of an x-ray in the absence of electrothermal feedback at a bath temperature above the superconducting transition temperature 
Journal of Applied Physics
ARTICLE scitation.org/journal/jap T c . Current noise spectra were calculated from the Fourier transform of measurements of the current through the TES. These were measured with a superconducting quantum interference device (SQUID) with a 250 kHz Bessel low-pass filter of 12 dB/Oct. All measurements discussed in this article were performed with the application of a small magnetic field perpendicular to the TES to null this component of the small external field trapped in the apparatus. These methods are well established and are described in detail elsewhere. 
III. ELECTROTHERMAL MODELS
The simplest electrothermal model to describe the measured electrical noise and complex impedance of a TES is a single-body model shown schematically in Fig. 2(a) . This model consists of a single element with heat capacity C thermally connected to a heat bath by thermal conductance G bath . The single element here incorporates the absorber and the TES bilayer. In the small signal limit, which is applicable to noise and complex impedance measurements, where the change in TES temperature ΔT ≪ T and change in TES current ΔI ≪ I, the single-body model can be described by two linearized differential equations
where R s and L are the shunt resistance and circuit inductance, respectively, as shown in Fig. 2(a) . Frequency dependent analysis can be obtained from considering harmonic solutions, with angular frequency ω, to the differential equations, and again linearizing to give
In this single-body model, there are three intrinsic contributions to the electrical noise measured in the TES. The first is the thermal fluctuation noise between the single body and the heat bath p bath . This is considered as a white thermal noise given for the specular
q , where β G is the exponent of the temperature dependence of G bath . 27, 28 The second is the white voltage noise from the Johnson noise of the shunt resistor in the TES readout circuit that is connected in parallel with the TES e shunt ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 4k b T bath R s p . The third is from the nonequilibrium Johnson noise from the TES itself when it is biased within the superconducting transition e tes ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
The inverse of the matrix in Eq. (2) gives the responsivity of the system. This can then be used to calculate α and β from measurements of the complex impedance of the TES. 25 An example of the measured complex impedance of the TES and the single-body fit is shown in Fig. 3 (a). Equation (2) can also be used to calculate the current noise measured in the TES circuit from each of the different noise sources. The current noise from the thermal fluctuations, shunt resistor Johnson noise, and TES nonequilibrium Johnson noise is given by P bath , J shunt , and J tes , respectively. An example of these current noise terms in the TES is shown in Fig. 3 
(b).
It has been shown previously that the measured noise in real devices exceeds the expectations from the quadrature sum of the three known single-body contributions, particularly in the region from 1 to 250 kHz. [7] [8] [9] [10] This has led to the discussion of an additional "excess" noise in the system. To quantify the magnitude of the excess noise term, it is often assumed to arise from an additional term in the TES Johnson noise, such that e tes ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
where M is a unitless arbitrary scaling factor. 8 This means that the excess current noise is given by MJ tes . The value of M 2 can be fitted such that when added to the known single-body noise terms and readout noise, the measured and total predicted noise spectra agree. Thus, M 2 is a parameter that quantifies how much the measured noise exceeds the sum of the known single-body noise sources. This is shown in Fig. 3 (b) for a 120 μm TES without banks biased into the transition at R=R N ¼ 5% at T bath = 55 mK. The fitting excludes the interference noise spikes at 60 and 120 Hz and is weighted by 1/log (ω) to account for the logarithmic increase in density of data points with increasing frequency. The only free parameters in the fit are the value of M and the magnitude of the readout noise. By adding the fitted excess noise term, the total calculated noise and measured noise spectra have been shown to largely agree for a wide range of TES devices, 8, 11 but such an arbitrary fitting does not elucidate the source of the noise. The ability to satisfactorily fit the measured noise of devices by the addition of a term with the frequency dependence of the Johnson noise has led to the suggestion that this excess noise is the result of higher order terms not typically included in expressions for nonequilibrium Johnson noise. Others have suggested that the noise results from changes in phaseslip lines across the TES.
15, 16 In some high resistivity devices, it has been argued that the noise is dominated by thermal fluctuation noise between different parts of the microcalorimeter 18, 19 or between normal and superconducting regions of the TES bilayer. 21 A more complex model of the microcalorimeter is the two-body model shown in Fig. 2(b) . In this model, one body is assumed to be thermally connected, with conductance G ae , to a second body that is connected directly to the heat bath. Here, we assign the top body to the absorber and the lower body to the TES. The absorber has heat capacity C a and the TES has heat capacity C e . As discussed above, the total heat capacity of the microcalorimeter pixel is measured for each device. We assume here that this measured value C meas is the sum of the two components C meas = C a + C e and G bath is the measured thermal conductance for each pixel. The linearized differential equations for this model are given by 12, 13 d dt
where the superscripts on the thermal conductance terms indicate at which body the temperature is used in the evaluation of the thermal conductance. In the two-body model, there is an additional white thermal fluctuation noise term p ae into each of the two bodies defined in analogy to p bath . These fluctuations are observed as the current noise term P ae . Figure 3(c) shows the same measured noise spectrum as Fig. 3 (b) but now fitted with this two-body model, assuming the same readout noise level as the single-body case. The observed excess noise can now be ascribed to this internal thermal fluctuation noise. The two-body model can also be used to calculate α and β from the complex impedance, as shown in Fig. 3(a) . In general, these parameters calculated with the two-body model need not agree with those parameters extracted from the singlebody model. However, note that in this case, the difference between the two models is small except at very high frequencies.
As an aside, note that in Figs. 3(b) and 3(c), P bath is increased by 20% from the theoretical predictions to ensure a good fit to data at very low frequencies (<1 kHz). The origin of this additional noise is not known. It may be the result of thermal radiation on the detector from higher temperature regions of the cryostat during the measurement. A power into the absorber of ∼0.7 pW is estimated to be sufficient to raise the magnitude of the low frequency noise level to match the data. The increased low frequency noise may also be the consequence of even greater complexity of the thermal connections of the device not considered here. In this article, we focus on the excess noise at higher frequencies in the range of 1-250 kHz that has previously been described with an M 2 parameter. This is above the frequency range where the additional P bath is dominant, as shown in Figs. 3(b) and 3(c), and therefore, the lower frequency noise is largely irrelevant for the discussions that follow.
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IV. RESULTS
To begin, we have fitted noise and complex impedance data from two devices without banks with the high resistance bilayer (sheet resistance 50 mΩ=A) using the single-body model. Figure 5 shows
Let us now consider whether the variations in the excess noise between devices with different TES sizes and with T bath may be explained using the two-body model. We first make some assumptions about the properties of the absorber and the TES defined in our model. First, we assume that C e is given by the BCS prediction of the TES bilayer at the peak of the superconducting jump at T c for the particular dimensions of each TES pixel (typically ∼0.05 pJ/K), and a contribution from the membrane estimated from previous studies and kept constant at 0.01 pJ/K for all devices. 29 This BCS prediction is likely an upper limit on the heat capacity of the TES because the bilayer is a thin film and not a bulk material, and disorder/inhomogeneity in the superconducting film may act to reduce the size of the jump in the heat capacity at T c . In addition, the proximity effect of the superconducting leads on the TES is predicted to reduce the magnitude of the superconducting jump from the BCS prediction. 30 The other parameters of our model are largely insensitive to the reduction of C e , as shown in the supplementary material. The total measured heat capacity is typically ∼1.2 pJ/K and, therefore, C a ≫ C e . Initially, we also assume that G ae is not a function of R/R N or of T bath . This means that G ae is simultaneously optimized to best fit all data for a single-pixel design at all values of R/R N and T bath . Later, we will consider the impact of removing this constraint. Journal of Applied Physics ARTICLE scitation.org/journal/jap data well and it can be seen that this is because the P ae term adds significantly to the total noise above 1 kHz. By comparing the J tes and P ae terms in the figure, it is also clear that the frequency dependence of each term is very similar. This conveniently allows us to parameterize the magnitude of the P ae term by scaling it relative to the J tes term with parameter Q, such that P ae ≈ QJ tes . This means that while the M parameter describes the magnitude of the noise in excess of the known single-body model noise sources, the Q parameter describes the magnitude of the P ae term. Therefore, if the thermal fluctuation noise between the absorber and the TES accounts for all the excess noise measured in our devices, then M 2 , extracted from the fitting of the single-body model with the excess Johnson noise term, will be equal to Q 2 extracted from fitting the two-body model. Figure 6 shows the single-body noise parameter M
2
, and two-body noise parameter Q 2 , extracted from our measured data assuming constant G ae (T c ) = 100 nW/K for all R/R N and T bath in the 120 μm high resistance device. We find reasonable agreement between M 2 and Q 2 over a wide range of T bath and R/R N . Also, the quality of fit between our two-body model and the measured frequency dependent current noise shown in Fig. 3(c) is typical of all points represented in Fig. 6 . This implies that despite being highly constrained, our two-body model, and in particular the additional P ae term, is able to account for the measured excess noise in this device. The two-body model is also largely able to capture the dependence of excess noise on α, R/R N , and T bath discussed above.
The agreement between the M 2 and Q 2 extracted from the measured data is clearly not perfect at all points. This is particularly evident in the case of the 75 μm device shown in Fig. 7 for T bath = 55 mK. Here, we see that although the general trend of M 2 (R) is captured from the model, the two-body model with fixed G ae underestimates the excess noise at small R/R N (large α) and overestimates it at large R/R N (small α). If we now allow G ae to be a free parameter in our model, we can then fit the measured noise data with the two-body model at all bias points. This is shown by the agreement between M 2 and Q 2 calculated with variable G ae , shown with the black triangles in Fig. 7 . Note that because of the relative insensitivity of the noise spectra to a reduction in C e , the change in excess noise through the transition cannot be fit by a reduction in C e lower in the transition, and therefore, we keep C e constant throughout.
This fitting of the two-body model with variable G ae was performed on 75, 100, and 120 μm TESs, some with banks, some without banks on both high and low resistance bilayers with T bath = 55 mK. The noise spectra can in general be well fit by this model. The variation in the fitted G ae is shown in Fig. 8 as a function of R/R N . Let us focus first on the high resistance devices. The variation in the fitted G ae with devices of different sizes is small. Note also that the difference between the fitted G ae for 75 μm devices with and without banks is within the variation seen between sizes. We also see that the fitted G ae appears significantly lower at small R/R N in all devices.
There is a striking difference between the fitted G ae for high resistance bilayers, shown in closed symbols, and low resistance bilayers, shown with open symbols in Fig. 8 . The low resistance devices have on average a significantly higher G ae than the high resistance devices. In addition, the variation of G ae with R/R N is much more dramatic for the low resistance devices, and furthermore there appears to be a size dependence of the variation with R/R N . Larger devices show smaller changes in G ae through the superconducting transition.
V. DISCUSSION

A. Applicability of the two-body model
The two-body model satisfactorily fits the experimental data over a wide range of bias points, TES sizes, and bath temperatures, despite the underlying simplifications and assumptions discussed above. This implies that the key physics of our devices is being captured, namely, that the excess noise observed in these devices is dominated by an internal thermal fluctuation noise between a large heat capacity we associate with the absorber connected by a finite thermal conductance to a small heat capacity we associate with the TES. The reduction in the excess noise observed with increasing bath temperature is captured within this model, because as T bath is increased, the thermal response time of the TES increases, while the time constant of the internal thermal fluctuations remains relatively constant. Thus, as T bath approaches T c , the TES current becomes too slow to respond to the relatively fast internal thermal fluctuations between the two bodies, and therefore, P ae becomes less significant. This also explains the observed reduction in excess noise (M 2 /α) between the 120 μm and 75 μm high resistance devices shown in Figs. 4 and 5 , respectively. G bath has been shown to be proportional to the TES perimeter 31 and, therefore, is significantly smaller in the 75 μm device than the 120 μm device. This smaller G bath in the 75 μm device leads to a longer effective response time of the TES, and therefore, this TES is less sensitive to internal thermal fluctuations. These dependencies of the various noise terms on the TES parameters were well described by Maasilta.
24
B. Origin of the finite G ae term
The two-body model appears to be consistent with the measured data in the studied devices. Now, we must consider the origin of the finite thermal conductance between the two bodies that gives rise to the internal thermal fluctuation noise. The absorber of our devices is thermally connected to the superconducting bilayer by two gold pillar stems. The stems are 10 μm in diameter and approximately 4 μm high. Using these dimensions and the measured resistivity (∼1 nΩ m) of this gold layer, the electrical resistance of each stem is approximately 50 μΩ. Using the Wiedemann-Franz law, we can estimate the electronic contribution to the total thermal conductance from the absorber to the edge of the TES is approximately 90 μW/K. This is approximately three orders of magnitude larger than G ae used to fit the high resistance devices. This suggests the pillar stems are not the limiting thermal conductance in our system. In addition, if the limiting thermal conductance in our system were from the pillar stems, one would expect similar fitted values of G ae for all devices, since the pillar stem dimensions are the same. In contrast, we observe a stark difference between the fitted G ae for high resistance and low resistance bilayers.
The interface between the pillar stems and the bilayer may also be a limiting point in the thermal conductance between the absorber and the TES since each is fabricated independently. If the transmissivity of the interface between the stem and the TES is sufficiently poor that there is an insulating boundary between the two, then we must consider the impact of electron-phonon coupling between the two bodies and within the TES. This coupling is limited by the TES volume and, therefore, might be expected to vary with the TES bilayer thickness, as observed. However, the order of magnitude of the electron-phonon coupling conductance can be estimated from n ep Σ ep VT nepÀ1 c , where n ep is approximately 5, V is the volume of the TES bilayer, and Σ ep ∼ 2 × 10 9 W/m 3 K 4 is the electron-phonon coupling parameter. 32 Using these values, we estimated the electron-phonon thermal conductance to be ∼2 nW/K for the 120 μm low resistance device, which has the largest volume and, therefore, highest electron-phonon thermal conductance. This is around two orders of magnitude smaller than the fitted G ae . Also, one would expect to see a strong dependence of the fitted G ae on the TES size, which is not seen in our fitted parameters. Therefore, we exclude this as the limiting thermal conductance.
As discussed in Sec. II, the absorber is made up of a Bi layer above a Au layer. Therefore, the interface between these two layers could also be a possible origin of a finite thermal conductance in the system. However, this would mean that in our model, C e would include the heat capacity of the TES and the large heat capacity of the Au layer, and C a would only include the small heat capacity of the Bi layer. Such a rearrangement of the heat capacity in the system would produce very different behavior to that shown in the model discussed above, and we found was unable to fit the measured noise and complex impedance data for any values of G ae .
The final possibility we consider is that the limiting thermal conductance between our two bodies is the finite thermal conductance of the TES bilayer itself. The normal state sheet resistance of the high and low resistance bilayers just above T c was measured as 50 and 13 mΩ=A, respectively. Using the Wiedemann-Franz law, these values correspond to a thermal conductance of approximately 50 nW/K and 170 nW/K for our approximately square TES devices. These values are in reasonable agreement with the average G ae fitted for both our high resistance and low resistance devices, and this is suggestive that the bilayer itself may be the origin of the limiting thermal conductance. 
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ARTICLE scitation.org/journal/jap However, this is only an estimate of the normal state thermal conductance of the bilayer. When the TES is within the superconducting transition, the situation is likely more complicated. Some regions of the TES may be superconducting, while others are in the normal state. In addition, the formation of cooper pairs within the bilayer reduces the quasiparticle density of states at the Fermi energy, and therefore, the thermal conductance of the film is expected to decrease as the bilayer transitions further into the superconducting state at lower R/R N . This may explain the small reduction in G ae observed in all devices at small R/R N . However, explanation of the larger variations observed in the fitted G ae with R/R N observed in the low resistance devices will require a sophisticated theoretical description of the superconducting transition, which so far has not been achieved. One intuitive explanation for this behavior, however, is that this is a consequence of the superconducting proximity effect of Nb electrical leads to the TES.
It has been shown that Nb leads on the TES heavily influence the superconducting order parameter within the TES, and as a result, the TES may act as a Josephson-like weak-link between the two leads. 33 The degree to which the TES behaves as a weak-link has been shown to be dependent on the TES size, with smaller devices more strongly affected by the proximity effect than larger devices. 33, 34 Hence, we speculate that in the low resistance devices, the large variation in G ae seen in the 75 μm device compared with the 120 μm device may be a consequence of the greater influence of Nb leads on the electrical properties of the TES. Similarly, this may be the reason for the observation of the smaller variation in G ae with R/R N in high resistance devices compared with low resistance devices. The degree to which the proximity effect from the leads is expected to influence the bilayer is expected to be dependent on the resistance of the bilayer through the variation in the mean-free path of electrons. Thus, one would expect a smaller proximity effect in the high resistance devices. Assuming that the variation in G ae does indeed depend on the proximity effect from the leads, then we would also expect smaller variations for higher resistance bilayers, as observed.
Note that in the analysis presented here, TES temperature T is assumed to be a constant, independent of bath temperature and bias point. T is taken as the measured T c of each device. In reality, T varies, but only by 1% over the range of bias points and bath temperatures considered in this work, and therefore, this assumption does not have a significant impact on the conclusions drawn. In particular, the variation in T cannot account for the variation in the fitted G ae with R/R N in our devices.
Based on the analysis presented above, we postulate that the finite internal thermal conductance responsible for the observed internal thermal fluctuation noise is from the TES itself. However, this means that the finite G ae is found within the TES body in our two-body electrothermal model, and not independent of the TES body as shown in Fig. 2 and used in the noise calculations. This may indicate that the element we have associated with the TES in Fig. 2(b) is actually only a small fraction of the total bilayer area. It is shown in the supplementary material that the model is quite insensitive to the magnitude of C e and, therefore, would be insensitive to such distinctions. Therefore, a future study of more sophisticated many-body models will be needed to fully determine how the physical elements must be divided into a precise model.
C. Additional noise sources
The two-body model presented here assumes that there is no contribution from additional noise sources, such as higher order terms in the nonequilibrium Johnson noise. This assumption appears reasonable for the devices presented so far, given the ability to fit wide ranging noise and complex impedance data with G ae that closely match expectations for the thermal conductance of the bilayer film. However, we cannot exclude the possibility that there are additional noise terms that give small contributions in the studied cases. Indeed, previous experimental data for Mo/Cu devices showed much larger excess noise contributions than seen here despite similar bilayer sheet resistances. 11 In addition, it has been shown before that around regions of rapidly changing α, so-called kinks, the excess noise may be significantly larger than observed here, 8 and may be larger than that predicted from similar thermal models. In the devices studied here, it has been shown previously that kinks are much less prevalent than in previous designs with additional normal metal features on top of the bilayer. 10 Therefore, while our model has been successful at describing the origin of the excess noise in these devices over a wide range of R/R N , it is likely that in other designs additional noise mechanisms may be present. 
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(R/R N ), respectively, for this device with banks compared with the device without banks discussed above. Notice that around 7:5%R N , α increases dramatically, reaching ∼4000. This suggests the presence of a kink, as has been seen in other similar devices low in the transition. 10 Figure 9(c) shows that the excess noise parameter in the vicinity of that bias point is also extremely large. Figure 9(d) shows that around this kink M 2 /α is also very large. This large deviation from the broad correlation between α and M 2 has been seen before around these kink features.
8 Figure 10 shows the measured noise in this 120 μm high resistance TES with banks when biased close to the kink at R=R N ¼ 5%. We have attempted to fit the measured noise with the single-body and two-body models described above, as shown in the figure. In the two-body model, while the magnitude of the noise in the 1-100 kHz region of interest may be captured if G ae is extremely low (9 nW/K), it does not correctly predict the roll-off of noise at higher frequencies. However, with an additional Johnson noise contribution (MJ tes ) added to the single-body model, we are able to describe the measured data. This is suggestive that in this region, there is an additional noise source that may be related to the Johnson noise. This noise source may have been dominant in devices from previous studies, particularly those with additional normal metal features on the TES bilayer where kinks are more prevalent, but as discussed above in the other devices presented in this article it does not appear to contribute significantly. At bias points well above the kink (.15%R N ), the excess noise in the device with banks shown in Fig. 9 is in reasonable agreement with the device with no banks, and the noise spectra can once again be fit with the two-body model. These observations suggest that around a kink in the transition, as well as an internal thermal fluctuation noise, there may be a distinct additional noise mechanism.
VI. CONCLUSION
In conclusion, we have shown that in various TES devices with Mo/Au bilayers, the measured noise is consistent with a two-body model describing an internal thermal fluctuation noise arising from a finite thermal conductance between the absorber and the TES bilayer. The fitted value of the internal thermal conductance is comparable to expectations for the normal thermal conductance of the bilayer of the TES for both low resistance and high resistance cases. The internal thermal conductance is found to decrease when the TES is biased lower in the superconducting transition, consistent with the expectation of a loss of density of states as the bilayer becomes more superconducting. This effect is found to be more dramatic in devices with greater proximity effect from the superconducting Nb leads. Finally, we have shown that this two-body model is able to account for excess noise in many devices over several bias points and bath temperatures. However, around regions of large and rapidly changing α additional noise sources related to the Johnson noise may be dominant.
These conclusions indicate that the internal thermal conductance of the TES bilayer is an important factor in the design of a TES microcalorimeter for optimal performance for a given application. The detectors discussed in this article typically have an energy resolution of ∼2 eV. However, when all other parameters are fixed, the difference in the predicted energy resolution between the low resistance and high resistance bilayers can be as large as ∼0.3 eV. Eliminating all noise in excess of the single-body prediction could lead to a further improvement in the energy resolution of ∼0.2 eV. Therefore, minimization of the internal thermal fluctuation noise may have a significant impact on the achieved energy resolution. These considerations are particularly relevant to the application of frequency division multiplexed readout of large arrays of TESs. It was recently shown that the degradation of performance from this multiplexing scheme can be mitigated by the use of high resistance TESs. 35, 36 This implies that there may be a trade-off between optimization of the TES resistance for low noise and good multiplexed performance.
SUPPLEMENTARY MATERIAL
See the supplementary material for the figure showing the impact of C e on the two-body model fit shown in Fig. 3(c) .
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FIG. 10.
Noise spectra for a 120 μm high resistance TES with banks biased at R=R N ¼ 5%, T bath = 55 mK. Black points show the measured noise data. Red line shows best fit to data using the two-body model. Green line shows the calculated noise using the single-body model including an excess noise contribution of the form MJ tes .
